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Structural defects inevitably appear during the nucleation event that determines the structure and
properties of single-walled carbon nanotubes. By combining ion bombardment experiments with atom-
istic simulations we reveal that ion bombardment in a suitable energy range allows these defects to be
healed resulting in an enhanced nucleation of the carbon nanotube cap. The enhanced growth of the
nanotube cap is explained by a nonthermal ion-induced graphene network restructuring mechanism.
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Despite more than 20 years of research, the problem of
structure, and, in particular, chirality control of single-walled
carbon nanotubes (SWCNTs) has not been solved [1–6].
This is intimately connected to the occurrence of structural
defects that inevitably appear during the nucleation event
of the SWCNT [7,8]. This current lack of structural control
severely impedes the exceptional promise of the SWCNTs
to materialize in the next-generation nanodevices, which
demand defect-free SWCNTs with precisely controlled sizes
and atomic structure [9,10]. In addition to growth rate driven
chirality control [11,12] and selective etching [13], it has
often been suggested that control over the tube structure
can be accomplished by control over this nucleation event,
which can be achieved if the catalyst nanoparticle (CNP)
remains solid so that the lattices of SWCNT and CNP could
match [14–18]. Because of the intrinsically random nature of
impingement, diffusion, and segregation processes, defects
are inevitably formed, especially at lower temperatures that
are essential to keep the CNP solid [7].
Thermal healing of defects requires high temperatures
[19], which in turn inevitably cause melting of the CNP
due to the Gibbs-Thomson effect and thus any solid cata-
lyst template effect is lost [20]. Thus, nonthermal defect
healing is crucial, which, however, has not yet been
achieved. Here we present evidence that such nonthermal
defect healing may be accomplished by using ion bom-
bardment, which is frequently used for removing and
(intentionally) damaging material [21,22], e.g., sputtering
in plasma and ion-assisted processes. While ion bombard-
ment is indeed typically considered detrimental in CNT
growth, leading to defect creation instead of defect healing
[23], it should be noted that in other systems low-energy
bombardment has also proven to be beneficial, e.g., ion-
induced stress release in covalent solids [24] or epitaxial
growth of cubic boron nitride on diamond [25].
To confirm the intrinsic defect healing ability of ion bom-
bardment in CNT growth, we performed both experiments
and reactive molecular dynamics (MD or RMD) simula-
tions of ion bombardment on growing SWCNTs. Both MD
simulations and experiments suggest that defects can be
healed nonthermally and nucleation can be enhanced if
the ion energy is selected in the proper range. As will be
demonstrated below, this agreement is quantitative and is
obtained under the same values of process temperature
and ion energy. This possibility opens new avenues for
the effective nonthermal control over SWCNT growth
that may contribute to solving the ultimate challenge of
chirality control.
The initial structure for the simulations is a previously
generated nascent defected SWCNT cap, which was grown
during our previous simulations of electric field enhanced
SWCNT growth on a 1 nm surface bound Ni40 cluster
[26]. The cluster is thermalized at 1000 K employing the
Berendsen heat bath with a coupling constant of 100 fs
[27]. This structure is bombarded with Ar atoms having
an energy in the range of 5–50 eV, with 5 eV steps. Thus,
10 cases were investigated, corresponding to 10 different
Ar energies. Each of these cases was repeated 10 times to
gather statistics. In each case, the total number of consecu-
tive Ar impacts was set to 200. Thus, the total simulation
set consists of 100 200 simulated Ar impacts. In our
simulation, we used Ar atoms to represent Arþ ions.
Indeed, when an ion impinges, it is neutralized by Auger
emission, thus effectively resulting in a fast neutral species
impinging on the cluster.
C-C, C-Ni, and Ni-Ni interactions were treated using the
ReaxFF potential. ReaxFF is based on the concept of a
bond order, which is determined by the local environment
of each atom [28]. As a reactive potential, it is not con-
strained to a predefined set of atomic bonds but allows
bond formation and bond breaking as the simulation pro-
gresses. Besides short ranged interactions, ReaxFF also
includes Coulomb and van der Waals interactions, thus
enabling the accurate description of covalent, metallic,
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and ionic interactions, as well as chemisorption and physi-
sorption processes. Previous simulations employing this
force field indicate that ReaxFF is sufficiently accurate to
capture all essential processes relevant for CNT growth
[8,26,29]. The Ar-C and Ar-Ni interactions were taken into
account by a purely repulsive Molie`re pair potential using
Firsov constants [30].
Each Ar impact on the Ni=C structure was followed
for 2 ps, using a time step of 0.1 fs. The first 1.6 ps of
each impact was followed in the microcanonical ensemble,
to mimic an isolated system. The excess heat generated
by the impact of the energetic Ar atom was subsequently
allowed to dissipate by coupling a heat bath to the system
during the remaining 0.4 ps. Throughout the entire simu-
lation, it was ensured that after each impact, the cluster was
rethermalized to 1000 K before initiating a new Ar impact.
Hence, while during the impacts the ions transfer a con-
siderable amount of energy to the cluster, none of this
energy remains in the cluster.
It should be realized that all observed processes are
purely due to the short time scale Ar impacts, and not
due to long time scale events. In the simulations, the Ar
ions impinge normal to the surface, corresponding to the
substrate bias accelerated bombardment perpendicular to
the substrate in the experiments. Before the impact, the
z position of the ion is 10 A˚, i.e., beyond the cutoff of
the potential. The initial fx; yg positions of the impinging
particles are randomized, in a circle with a diameter
corresponding to the fx; yg projection of the target cluster
plus 2 A˚. This ensures that every initiated ion impact leads
to an impingement, but not necessarily on top of the cluster.
To mimic this simulation condition, we customized the
experimental pattern of Ni catalyst nanoparticles to have an
average diameter of1:4–1:5 nm and a size distribution in
the range 1–3 nm. This was achieved by thermal fragmen-
tation of a 0.5-nm-thick continuous Ni film deposited by
e-beam evaporation onto a Si substrate with a 500-nm-thick
thermally grown oxide layer.
To mimic the growth temperature used in the simulation
(1000 K or 727 C), the growth of the short nanotubes and
their ion bombardment were performed at temperatures as
close as possible to the above simulation temperature, yet
still sufficient to grow the single-walled nanotubes. These
temperatures were only slightly higher (730–740 C).
The SWCNTs were grown on the above pattern of nickel
catalyst nanoparticles by using an ethylene hydrocarbon pre-
cursor, because this precursor was best suited to produce
SWCNTs on Ni catalyst nanoparticles within the required
temperature range [31]. The growth times (10, 30, and 60 s)
were also chosen deterministically to ensure that single-
walled nanotubes emerge and can be identified as such by
Raman spectroscopy and scanning electron microscopy.
After stopping carbon material supply at 10 s, 30 s, or 60 s,
the Ar plasma was turned on, without any bias, and with
20 V and50 V bias to see the effect of ion bombardment.
Interestingly, there is a remarkable correspondence
between the trends observed in the MD simulations and
real ion bombardment experiments. In the simulations, the
extent of the carbon network is enhanced and the nuclea-
tion of the cap is promoted when applying a beam of Ar
ions in a narrow energy window of 10–25 eV. Using higher
Ar ion energies, the carbon network is destroyed. Also,
bombardment of a more developed cap or a growing tube is
found to be always detrimental. Experimentally, the struc-
tural quality of the graphitic carbon network produced on
Ni catalyst nanoparticles after 10 s growth improved when
a bias of 20 V was used. The quality of the SWCNT
structure decreased when a bias of 50 V was applied.
When we bombarded the (still short but already clearly
single-walled) nanotubes grown for 30 s, any bombard-
ment was detrimental.
In Fig. 1(a), representative examples in top view and
side view are shown of the effect of Ar impacts on the
initial cluster, showing that the extent of the carbon
network is increased due to the Ar bombardment with
energies between 15 and 25 eV. Importantly, while the
initial structure contains a relatively high number of
defects and carbon atoms not connected in stable ring
configurations, most of these defects are eliminated
by the bombardment and new stable rings are created. In
the particular case shown in the figure (corresponding to
15 eV bombardment), the total number of pentagons in the
structure increased from 6 to 10, the number of hexagons
increased from 5 to 9, and the number of heptagons
increased from 1 to 2, due to the ion bombardment.
FIG. 1 (color online). (a) Observed defect healing and
enhanced cap formation by ion bombardment in the energy
range 15–25 eVand destruction of the network at higher energies
(>30 eV). (b) Growth of the carbon network due to the ion
bombardment at 15 eV, as seen in the MD simulations. The
numbers in parentheses indicate the sum of the pentagons,
hexagons, and heptagons; the other numbers indicate the total
number of rings in the patch.
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Thus, overall, 9 new rings were created, while 2 unstable
rings (i.e., a square and an octagon) were removed.
In Fig. 1(b), a schematic representation of the evolution
of the carbon network is shown for the same structure.
The number of pentagons, hexagons, and heptagons in
the cap increases from 10 to 18. In the entire structure
(i.e., including the cap as well as a few isolated rings on
the surface), the total number of rings rises from 14 to 21
(þ50%), and the number of pentagons, hexagons, and
heptagons increases from 12 to 21 (þ75%).
The structural changes as induced by the ion bombard-
ment indicate that a higher quality network is formed.
A detailed discussion on these structural changes can be
found in the Supplemental Material [32]. When using ion
energies equal to or above 30 eV, the cap structure is
inevitably damaged, as evidenced by a decreasing number
of rings, seen from Fig. 1(a).
In Fig. 2, the average evolution of the number of rings
in the cap (counted as the sum of pentagons, hexagons,
and heptagons) is shown as a function of the number of
Ar impacts, for various impact energies. Three different
energy regimes can be discerned.
At low- and medium-impact energies (up to about
25 eV), the extent of the network increases upon ion
bombardment. As can be seen in the figure, the influence
of the Ar bombardment on the carbon network is rather
limited for the lowest impact energy (5 eV), increasing the
number of rings on average with 16%. Increasing the
energy to 15 eV, however, leads to a substantial rise of
50% in the number of rings. When the Ar impact energy
rises further to medium high values of about 30–35 eV,
the number of rings remains constant, but the network
becomes more disordered and more defected. Thus, our
simulations predict that 30–35 eV is the threshold energy
below which ion bombardement is beneficial, and above
which ion bombardment becomes destructive. It can
indeed be seen in Fig. 2 that at an Ar ion energy of
50 eV, the cap structure is very quickly destroyed.
The above simulation results are corroborated by the
experimental observations. In the experiments, SWCNTs
started to appear after 30 s growth time [Figs. 3(a)–3(d)].
Despite of lack of exact time resolution, and given that
under similar conditions the incubation time of SWCNTs
is typically 5–10 s [3,20], this indicated that the transition
from the nucleation to the growth stage occurred most
likely between 10 and 30 s. When subjecting to Arþ ion
bombardment, the Raman G peak of 10 s growth (no
nanotubes but likely only developed caps; see energy-
dispersive x-ray (EDX) spectra in the Supplemental
Material [32]) showed no difference at 0 V bias, but a
significant increase in intensity at 20 V bias [Fig. 3(e)].
As the bias was increased to 50 V, detrimental effects
appeared on these graphitic structures as evidenced by the
disappearance of the graphitic G peak [see also Fig. 3(e)].
In contrast, ion bombardment was always detrimental to
30 s grown tubes even at 0 V biases [Fig. 3(f)].
These transformations in the carbon network are
explained by the combined action of a number of
processes, i.e., ring formation due to knock-on collisions,
collision-induced displacement of C atoms, collision-induced
removal of C atoms (i.e., sputtering), and collision-induced
cleavage of C-C bonds (see movies in the Supplemental
Material [32]).
When an Ar ion impinges on a C atom, up to 71% of its
kinetic energy can be transferred to the C atom, based on
the mass transfer factor. In a perfect graphene lattice the
C-displacement energy has been determined to be in the
range 14–32 eV [33–36]. Thus, to destroy such a lattice
requires an Ar impact energy in the order of 20–45 eV.
However, the growing cap in our simulations is defected,
and not all C atoms are fully coordinated. Thus, a lower
Ar-impact energy can be expected to displace or eject
undercoordinated C atoms from the cap. Based on a bind-
ing energy of a one-coordinated C atom of about 6.5 eV,
an Ar impact energy of about 10–15 eV may thus already
be sufficient for first C displacements. This energy corre-
sponds indeed to the lower threshold energy for observing
a beneficial effect of the ion bombardment in both our
simulations and experiments. In contrast, at an impact
energy of 40 eV or above, all C atoms can easily be
removed from the network.
In summary, a number of processes are observed, some
of which enhance the network formation, while some of
them destroy the network. Clearly, at medium low energies,
up to about 25 eV, the network enhancing processes are
dominant, and enhance the growth of a CNT. From about
35 eV, however, the destructive events dominate and prevent
the growth of a CNT. Thus, by carefully adjusting the bias,
the ion (peak) energy can be controlled, and therefore a
control over the network formation can be obtained.
Although we did not measure the ion energy distribution
function, we can estimate the peak energy for a given
FIG. 2. Evolution of the average number of rings in the carbon
network as a function of the number of consecutiveAr impacts, for
4 different impact energies, averaged over 10 independent runs.
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applied bias based on the experiments of Gahan et al. [37].
These authors found that with the increase in pressure
not only the ion energy peak shifted to a lower value but
also the ion distribution curve acquired a notable ‘‘tail’’ in
the lower energy range. The ion energy peak at 50 mTorr
pressure was found near 6:6 eV (see Fig. S1 in the
Supplemental Material [32]). Therefore, at a significantly
higher pressure (100 mTorr as in our experiments), the ion
energy peak can be expected to shift to a value of the order
of 4–5 eV due to the increased ion-neutral collisions.
When the ions are extracted by applying an external bias,
the ion energy gain is lower than the value of the applied
substrate bias due to the ion-neutral collisions [38].
The ion energy gain (due to the ion extractor system) is
therefore expected to be lower than the applied biases of
20 and 50 V. The corresponding peak ion energies at the
substrate could thus be estimated to be in the 18–22 eV
range in the case of the applied bias of 20 V. As substan-
tiated above, this energy is sufficient for displacing and
removing undercoordinated C atoms, but below the thresh-
old for C displacements from the graphene lattice positions
(see also Sec. S3 in the Supplemental Material [32]). When
a 50 V bias is applied, the peak ion energy could be
reasonably expected in the 45–48 eV range, which is in
any case above the carbon displacement threshold. These
experimental results are consistent with the preceding
theoretical analysis of the effects of ion impact on carbon
atom networks.
Finally, it is worth mentioning that the process of
collision-induced network restructuring at low energies
might at first glance seem to be similar to the process of
temperature-induced annealing. However, two important
differences should be considered. First, while thermal
annealing delivers a global energy input, the energy input
due to the Ar bombardment is very local. Indeed, when the
Ar ion impinges on the network, essentially only the
targeted C atom and its immediate surroundings are tem-
porarily heated. If the energy transferred by the impinging
ion is lower than the bond breaking energy threshold, there
is no effect on the carbon network. If this energy is higher
than the energy needed to physically displace and remove
C atoms from the network in addition to breaking of one or
several C-C bonds, then the network will be destroyed.
If, however, the transferred energy is between the bond
breaking energy threshold and the carbon displacement
energy, bond breaking occurs, leading to the formation of
new bonds in the network. Thus, in this case, the restruc-
turing of the network is impact induced, and this leads to
growth of the network.
Second, thermal annealing acts on both the carbon net-
work and on the nickel cluster. Both the nickel cluster and
the carbon network are heated, and in order to induce
sufficient restructuring of the network, a high temperature
is required, precluding a solid catalyst. Ion bombardment,
on the other hand, acts in first instance only on the carbon
network. Therefore, this possibly allows the catalyst parti-
cle to remain solid, which may be beneficial for catalyst
morphology directed growth.
In conclusion, we combined atomic scale simulations
with dedicated experiments in order to elucidate the influ-
ence of ion bombardment on CNT nucleation. While simu-
lations and experiments typically address very different
time and length scales, the experiments were designed to
mimic the simulation conditions as closely as possible.
FIG. 3 (color online). Experimental observations of ion bombardment on the nascent SWCNT. (a)–(d) SWCNTs grown at 0, 10, 30,
and 60 s, respectively. Scale bars in (a) and (b) are 200 nm and in (c) and (d) are 1 m. (e) Raman spectra of 10 s growth SWCNTs
with Ar ion bombardments at 0,20, and50 V biases. The graphitic G peak is most prominent at20 V bias. (f) Raman spectra of
30 s growth SWCNTs before and after Ar ion bombardments at 0 V bias.
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Using this approach, we demonstrated that ion bombard-
ment may enhance carbon nanotube nucleation, provided
that the ion energy is controlled in a specific energywindow,
which is determined by the intrinsic properties of atomic
networks in the nanotubes. This may open new avenues for
the effective nonthermal control over SWCNT growth.
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